b-cell neogenesis is expected to provide a new therapy for diabetes. Numerous studies have demonstrated that transcriptional regulation involving pdx-1 is essential for endocrine neogenesis in vivo and in vitro. Therefore, it is possible that ectopic expression of pdx-1 in the pancreas could induce endocrine neogenesis. To test this possibility, we performed safe and efficient gene delivery of the pdx-1 gene into the mouse pancreas through the common bile duct using adenoviral vectors, and examined the effects of the ectopic expression of pdx-1. Here we show that adenovirusmediated expression of pdx-1 can activate the endogenous pdx-1 gene, leading to b-cell neogenesis and ductal proliferation. This technique is similar to the endoscopic retrograde cholangiopancreatography, which has been already established as a safe procedure for humans. Thus, bcell neogenesis induced by adenovirus-mediated expression of pdx-1 provides a novel strategy for gene therapy for a cure for diabetes mellitus. Gene Therapy (2003) 10, 15-23.
Introduction
Loss of pancreatic b-cell function is one of the major causes of diabetes mellitus. 1 Transplantation of pancreatic islets is a potential therapeutic approach for diabetes. However, its clinical approach has several limitations, including immunological rejection and insufficient availability of b cells for transplantation. 2 Thus, the latest attention has focused on the possible therapeutic use of the controlled differentiation of adult pancreatic stem cells into insulin-producing cells. Recently, several studies showed that the prolonged culture of isolated ductal tissues from mice and humans resulted in the production of functional endocrine cells, suggesting that adult pancreatic stem cells are located at or near the ductal tissues. 3, 4 Pdx-1, a pancreatic b-cell-specific transcription factor essential for normal pancreatic development, is highly expressed in ductal cells and in islets during pancreatic regeneration following 90% pancreatectomy in rats. 5 Islet neogenesis and an enhanced expression of pdx-1 in the proliferating ductal tissue was observed in transgenic mice that have an aberrant expression of interferon-g in their pancreatic bcells. 6, 7 These data suggest that transcriptional regulation involving pdx-1 is essential for endocrine neogenesis in the adult pancreas and also suggest that ectopic expression of pdx-1 in ductal cells might induce their differentiation into endocrine cells, which may provide a novel strategy for the in vivo induction of b-cell neogenesis.
In the present study, we performed the adenoviral vector-(AdV-) mediated gene delivery of transcription factors, pdx-1 and neurogenin3, to the mouse pancreas by the retrograde intra common bile ductal (ICBD) injection. The results showed that the AdV-mediated expression of pdx-1 induced the proliferation of pancreatic ductal cells and the neogenesis of insulinproducing cells, providing a potential new approach for curing diabetes.
Results

Construction of adenoviral vectors
Full-length cDNAs of mouse pdx-1 and neurogenin3 were cloned, and AdV-pdx-1 and AdV-ngn3, AdVs expressing these cDNAs, were generated as described in Materials and methods. 8 These vectors were designed to express enhanced green fluorescence protein (EGFP) in addition to pdx-1 or neurogenin3 from a single transcript ( Figure 1a) . To test the ability of these AdVs to express pdx-1 and neurogenin3, we used them to infect 293 cells. On day 3 after the infection, EGFP expression was detected in the 293 cells by fluorescence microscopy (data not shown). The cells were harvested and subjected to RT-PCR analysis and Western blotting. Expression of exogenous pdx-1 and neurogenin3 mRNA was detected by RT-PCR analysis (data not shown), and the expression of pdx-1 protein (45 kDa) was detected by Western blotting using an anti-mouse pdx-1 serum (Figure 1b) .
AdV-mediated gene expression by ICBD injection
The AdVs were introduced into mice by ICBD injection (see Materials and methods). To determine whether efficient gene delivery could be performed in vivo by ICBD injection, we examined AdV-mediated expression of b-galactosidase in the liver, pancreas and duodenum on day 4 after the ICBD injection of AdV-lacZ. Expression of b-galactosidase was clearly observed in both the liver (data not shown) and the pancreas (Figure 2a, b) , whereas it was not observed in the duodenum (data not shown). In the pancreas, b-galactosidase was mainly expressed in the exocrine cells surrounding major ducts, but not in the islets. These results suggested that most of the AdVs infected the exocrine cells and the peripheral ductal cells. Histological analysis also indicated hardly detectable inflammatory or mechanical lesions in the pancreas after ICBD injection. We conclude that ICBD injection is an efficient and safe method to introduce AdVs into the mouse pancreas, especially into exocrine and peripheral ductal cells. Thus, we used the ICBD injection method in the following experiments.
Adenovirus-mediated gene delivery of transcription factors
To determine whether efficient gene delivery was performed in vivo by AdV-pdx-1 or AdV-ngn3, liver and pancreas were examined by fluorescence microscopy on day 7 after the injection. The ICBD injection induced EGFP expression in both the liver and the pancreas (Figure 3a-d) , whereas intravenous injection induced EGFP expression only in the liver (data not shown). Expression of exogenous pdx-1 and neurogenin3 mRNA was also detected by the RT-PCR analysis (data not shown). Furthermore, double-immunohistochemical staining for pdx-1 and EGFP showed that the EGFP expressing cells also expressed pdx-1 (Figure 3e,f) . To further increase the efficiency and specificity of gene delivery into the pancreas, we clamped the bile duct during injection. However, this procedure tended to cause severe pancreatitis later, probably due to excessive hydrostatic pressure (not shown). These data suggest that ICBD injection is an efficient and safe method of AdV-mediated gene delivery into pancreas.
Ductal proliferation and newly induced insulin-positive cells in pancreas
Histological analysis on day 7 after the injection revealed that the administration of AdV-pdx-1 led to extensive ductal proliferation (Figure 4b ). Proliferation of ductal cells was confirmed by BrdU incorporation (Figure 4c ). The proliferated ductal cells showed immunohistochemical staining for cytokeratin 19 (CK19), a marker of ductal tissues (data not shown). In the area displaying ductal proliferation, we observed the appearance of insulinpositive cells or clusters (Figure 4 d-f) . The administration of AdV-ngn3 led to more minor changes in the Figure 1 The structure of the expression cassette integrated into the adenoviral vector and AdV-mediated pdx-1 expression in vitro. (a) The expression cassette contained the CAG (human cytomegalovirus immediate-early enhancer-chicken b-actin hybrid) promoter 47 or the AG (chicken b-actin) promoter, mouse pdx-1 or neurogenin3 cDNA, followed by an internal ribosome entry site (IRES) and EGFP cDNA, 48 which led to the concomitant expression of EGFP, detectable by fluorescence microscopy. An AdV containing an expression cassette lacking transcription factor cDNA was used as a control. Red arrows indicate the RT-PCR primers for exogenous pdx-1 or ngn3 mRNA. (b) Expression of mouse pdx-1 protein (45 kDa) was detected by Western blotting using anti-mouse pdx-1 serum on day 3 after infection.
b-cell negogenesis H Taniguchi et al pancreas (data not shown) and that of control AdV did not lead to any detectable changes (Figure 4a ). To quantify these histological observations, mice were allocated to five groups and each group (n ¼ 4-6 per each group) was subjected to ICBD injection of lactated Ringer 0 s solution without AdV (AdV(-)) or with AdV with or without pdx-1, ngn3, or both, as indicated in the Figure. More than four randomly selected sections of the pancreas from each mouse were examined. Thirty-one to 39 normal islets were found per section (Figure 5a ). There were no statistically significant differences in the numbers of islets among the five groups. However, insulin-positive cells adjacent to the proliferated ductal cells were detected in 94.4% of the sections from mice treated with AdV-pdx-1 and in 22.2% of the sections from mice treated with AdV-ngn3. The average number of newly induced insulin-positive cells and islet-like cell clusters were 11.9 and 4.5 per section from mice treated with AdV-pdx-1, which was estimated to be about 5% of the total pancreatic endocrine cells, and 0.65 and 0.18 per section from mice treated with AdV-ngn3, respectively ( Figure 5b ). In contrast to AdV-pdx-1, neogenesis of insulin-positive cells and cell clusters adjacent to the proliferated ductal cells were not seen in the pancreas of control mice (AdV (-) or control AdV). These data clearly suggested that introduction of AdV-pdx-1 into mouse pancreas resulted in ductal proliferation and endocrine neogenesis.
Immunohistochemistry and quantitative RT-PCR for several markers
To investigate the molecular mechanism underlying these changes, we performed immunohistochemical analysis on day 7 after AdV injection. In the proliferated ductal area, the insulin-positive cells were observed, but EGFP-positive cells were hardly observed. It was probably because the EGFP expression by AdV had already been diluted out due to extensive proliferation of the infected cells by day 7. On the other hand, insulinproducing cells became detectable after transient AdVmediated gene expression had decreased. Glucagon-or nestin-positive cells were not detected in this area (data not shown).
Quantitative RT-PCR analysis 9 was performed for several marker genes. Endogenous pdx-1 mRNA increased 7.2-fold in the pancreata treated with AdV-pdx-1 and increased mildly in the pancreata treated with AdVngn3 ( Figure 6a ), but endogenous neurogenin3 was not detected in the pancreata treated with AdV-pdx-1or with AdV-ngn3 by RT-PCR (data not shown). CK19 mRNA, which is a marker of ductal tissues, increased significantly in pancreata treated with AdV-pdx-1, but not in the pancreata treated with AdV-ngn3 ( Figure 6b ). Nestin mRNA, a recently suggested marker of pancreatic stem cells in islets, tended to be higher in the pancreata treated with AdV-pdx-1 than in those of other groups ( Figure  6c ), but immunohistochemistry for nestin did not show the apparent induction of nestin in the pancreas (data not shown). These data suggested that endogenous pdx-1 was increased by the exogenous expression of pdx-1 and that this pdx-1 induction may be directly or indirectly related to ductal proliferation and b-cell neogenesis.
Discussion
The purpose of this study was to investigate the possibility of the controlled induction of b-cell neogenesis by AdV-mediated expression of a transcription factor. AdV is an attractive vector for delivering genes into various mammalian tissues. 10, 11 In view of potential clinical applications, ICBD injection 12 is an ideal method for AdV-mediated gene delivery into the pancreas because it is very similar to the well-established ERCP method in humans, but few attempts have been made to perform it in animals. In the present study, we successfully performed AdV-mediated gene delivery into the mouse pancreas by ICBD injection. The side effects, such as pancreatitis were not evident.
To induce b-cell neogenesis in the pancreas, we focused on two transcription factors, pdx-1 and neurogenin3. Pdx-1 is a homeodomain transcriptional activator of a number of genes involved in endocrine function of the pancreas, such as the insulin, somatostatin, glucokinase, and GLUT2 genes. [13] [14] [15] [16] [17] [18] [19] [20] Moreover, pdx-1 is a crucial regulator of pancreatic development. During embryogenesis, pdx-1 is expressed in the ventral and dorsal walls of the primitive foregut where the pancreatic buds b-cell negogenesis H Taniguchi et al later form. As development proceeds, pdx-1 is expressed in the exocrine and endocrine progenitors, and in the duodenal epithelium. In adults, pdx-1 is mainly expressed in the pancreatic b cells. 5, [21] [22] [23] [24] The targeted disruption of the pdx-1 gene in mice and an inactivating mutation of the pdx-1 gene in a human infant both resulted in agenesis of the pancreas. 23, 25 Neurogenin3 is another determinant factor for the development of endocrine cells. Neurogenin3 expression during endocrine cell genesis peaks at E15.5, but is greatly diminished at birth, and is largely absent from the mature pancreas. Mice lacking the neurogenin3 gene fail to generate any pancreatic endocrine cells and die postnatally from diabetes. In their developing pancreas, lack of expression of several essential regulators such as isl1, pax4, pax6, and NeuroD/BETA2 were observed. 22, [26] [27] [28] [29] [30] [31] These data suggest that pdx-1 and neurogenin3 lie upstream of other transcription factors involved in endocrine development and play a key role in initiating endocrine cell specification and differentiation from progenitor cells.
Here we showed that induction with AdV-pdx-1 led to the proliferation of pancreatic ducts and b-cell neogenesis. On the immunohistochemical analysis for EGFP and insulin on day 7 after AdV injection, insulin-producing cells were observed but EGFP expression had diminished in the proliferated ductal area. It was probably because the EGFP expression was diluted out due to the extensive proliferation of ductal cells (Figure 4b ). Therefore, we could not conclusively tell that the insulinpositive cells were derived from the AdV-pdx-1-infected ductal cells. It would be necessary to establish the method to stably mark the AdV-infected cells. Regarding the origin of b-cell neogenesis, two possibilities can be considered. The first is the transformation of non-insulinproducing cells into insulin-producing cells. Recently, In vitro, the alphaTC1.6 cell line, which was derived from pancreatic a-cells, was stably transfected with a pdx-1 gene and shown to express insulin and glucokinase in the presence of betacellulin. 32 In vivo, AdV-mediated pdx-1 expression in mouse liver activates the insulin 1, insulin 2, and prohormone convertase 1/3 genes. 33 In the chicken embryo, pdx-1 is normally expressed in the duodenum, and duodenal cells never form pancreatic buds, but ectopic expression of pdx-1 using in ovo electroporation causes cells to bud out of the epithelium-like pancreatic progenitors. 22 These reports suggest that the endodermal cells, when pdx-1 is expressed at high levels, lose their cellular stability or differentiated status, gain a transient pluripotency, and obtain endocrine properties. Sharma et al. hypothesized that the pdx-1-positive ductal cells, which can transiently regain their pluripotency, can be considered the true precursor cells of the adult pancreas in their rat model of pancreatectomy. 5 In the present study, endogenous pdx-1 expression was also significantly elevated in the pancreas by AdVpdx-1. Marshak et al. 34 showed that the proximal promoter region of the pdx-1 gene is important for its b-cell-specific regulation and that the pdx-1 protein itself binds to this enhancer element. 35 These data together with our results suggest that the positive autoregulatory loop of pdx-1 was activated in the cells of pancreata treated with AdV-pdx-1, and that the ductal cells, when pdx-1 was highly expressed, lost their mature status and In the present study, CK 19 mRNA was also significantly elevated in the pancreas treated with AdVpdx-1 (Figure 6b ). CK 19 is normally expressed in the ductal cells and in adult islets. Recently, several studies revealed that CK19 is expressed more strongly in neonatal islets, which undergo significant islet growth, than in adult islets, and is also expressed in proliferating ductal cells during tissue regeneration after ductal ligation or partial pancreatectomy in rats. [36] [37] [38] [39] These data suggest that the ductal proliferation and b-cell neogenesis are reflected in the high level of CK19 expression in pancreata treated with AdV-pdx-1 in the present study.
The second possibility for the origin of newly induced insulin-producing cells is the differentiation of adult stem cells into insulin-producing cells. Numerous studies have suggested that adult pancreatic stem cells are located at or near the ductal tissues. 3, 4 Recently, the existence of nestin-positive pancreatic stem cells within rat islets, ducts, and exocrine cells was demonstrated.
Nestin has been thought to be a marker of neural stem cells. 40, 41 The nestin-positive pancreatic stem cells derived from islets can proliferate and differentiate into cells with phenotypes of hepatic and pancreatic cells in vitro. 42 In the present study, expression of nestin mRNA tended to be higher in pancreata treated with AdV-pdx-1 than in those of other groups, although nestin-positive cells could not be detected in the proliferating ductal area by immunohistochemistry (data not shown). It is possible that pdx-1 induced the differentiation of nestin-positive stem cells into insulin-producing cells, leading to the activation of self-renewing nestin-positive stem cells, which was reflected in the elevation of nestin mRNA, although further studies are needed to confirm the role of nestin-positive cells.
AdV-ngn3 showed a weak induction of insulinproducing cells in the pancreas (Figure 5b ), which was not as prominent as AdV-pdx-1. During endocrine cell genesis, neurogenin3 is expressed transiently, and it is absent from mature b-cells. Because it was possible that b-cell negogenesis H Taniguchi et al the effects of neurogenin3 were manifested after the disappearance of neurogenin3 expression, as is seen in endocrine cell genesis, we examined the pancreas 1 month after the injection of AdV-ngn3. However, no further histological changes were observed (data not shown). Consistent with our data, several studies have shown that neurogenin3 alone is not able to induce the differentiation of insulin-producing cells. 22, 29, 43 We also examined the effect of coexpressing pdx-1 and neurogenin3, but we could not detect any synergistic effect (Figure 5b) . Further studies are needed to clarify the role of neurogenin3 in the regeneration of insulin-producing cells.
In the present study, the proportion of the newly induced insulin-producing cells in AdV-pdx-1-treaed mice was estimated to be about 5% of the total pancreatic endocrine cells. We tested this approach in the streptozotosin (STZ)-induced diabetic mice. All mice showed severe hyperglycemia 4 days after administration of STZ, and then we performed ICBD injection for them. However, significant anti-diabetic effect was not observed by AdV-pdx-1 treatment, although some mice showed improvement of their hyperglycemia (data not shown). We believe that further improvement of this method, such as simultaneous delivery of AdV expressing b-cell growth factors or other transcription factors, should promise to increase the number of newly induced b-cells.
In conclusion, we demonstrated that b-cell neogenesis and ductal proliferation were induced by the AdVmediated expression of pdx-1 with concomitant activation of the pdx-1 autoregulatory loop. This is the first demonstration that b-cell neogenesis is induced by gene delivery into mouse pancreas. Because ERCP is established as a safe technique in humans, the successful introduction of transcription factors by ICBD injection has promising applicability to humans and provides a novel strategy for gene therapy to treat diabetes mellitus.
Materials and methods
Animals 9-12-week-old male C57BL/6J mice, 25-28 g in body weight, were used in our study. All experiments were conducted in accordance with the Osaka University Guidelines, which are based on the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Construction of AdV-producing mouse pdx-1 and neurogenin3
A full-length cDNA of mouse pdx-1 was cloned from the cDNA of MIN6, which is a mouse insulinoma cell line, 44 and a full-length cDNA of mouse neurogenin3 was cloned from mouse brain cDNA. After confirmation that their sequences were the same as those reported previously, 13, 28 AdVs were generated to express these cDNAs as described previously. 8 An AdV containing an expression cassette lacking transcription factor cDNA was used as a control.
Western blotting and RT-PCR
Total protein was extracted from 293 cells 3 days after they had been infected with AdV-pdx-1, and assessed by Western blotting and enhanced chemiluminescence (ECL kit; Amersham Corp., Arlington Heights, IL, USA) using rabbit anti-mouse pdx-1 serum (a gift from Dr Kajimoto) and horseradish peroxidase-conjugated goat anti-rabbit IgG antibody.
After AdV infection, total RNA was extracted from 293 cells on day 3 and from mice pancreata on day 7, by the acid guanidinium-phenol-chloroform (AGPC) method, and was subjected to cDNA synthesis using ReverTra Ace a (TOYOBO, Tokyo, Japan). The cDNA was subjected to PCR with the following primers ( Figure  1a 0 . These primers were designed to encompass the intronic sequences to distinguish the appropriate PCR products from products amplified from contaminating genomic DNA. For the detection of endogenous pdx-1 and neurogenin3 mRNA, the backward primers were designed to hybridize with the 3' UTR regions of their sequences that were not included in the AdV expression cassettes. PCR was performed with taq DNA polymerase (Gene Taq, Wako, Tokyo, Japan), and within the log phase of the reaction (23-35 cycles). The mRNA levels were measured by the methods of non-radioactive RT-PCR and CCD imaging as described previously. 9 
Administration of AdVs
AdVs were purified by cesium chloride gradient. 45 . Mice were subjected to laparotomy under general anesthesia with pentobarbital. The mice were then injected with AdV solution (1x10 9 pfu in 250 ml of lactated Ringer's solution) into the CBD adjacent to the duodenum, through a 29-G needle in 30 s. ICBD injection without a CBD clamp led to an appropriate intra-ductal pressure to allow the successful introduction of AdV into the mouse pancreas without any side effects, such as pancreatitis. Following confirmation of the absence of backward flow, the mouse abdomens were sutured. Another group of mice was treated with injection of the same amounts of AdVs into the tail vein. The mice were killed at various times after the injection.
Detection of b-galactosidase and EGFP
On day 4 after injection of AdV-lacZ, a b-galactosidaseexpressing AdV, frozen sections (10-mm thick) of the liver, pancreas and duodenum were fixed and stained with X-Gal as described previously. 46 These sections were then counterstained with eosin and examined by light microscopy. On day 7 after injection of EGFP expressing AdVs, mice were subjected to laparotomy under general anesthesia and the liver and pancreas were examined by stereoscopic light microscopy and fluorescence microscopy (Olympus, Tokyo, Japan) with a 460-490-nm band-pass excitation filter and a 510-nm long-pass emission filter.
Histochemical analysis
For paraffin sections, pancreatic tissue was fixed for 2 h at room temperature in freshly prepared 20% formaldehyde and processed for embedding. Sections of paraffinembedded pancreatic tissue (5-mm thick) were deparaffinized, dehydrated, and stained with hematoxylin/ eosin. For insulin immunohistochemical staining, deparaffinized and dehydrated sections were incubated with 10% normal pig serum in PBS to block non-specific staining, then incubated with diluted guinea pig antihuman insulin antibody (Oriental Yeast Co., Tokyo, Japan). Negative controls were incubated with 10% normal pig serum without the first antibody. The sections were then incubated with swine polyclonal anti-rabbit immunoglobulin/biotin (Dako Japan Co., Kyoto, Japan), and then with diluted peroxidase-conjugated streptavidin (Dako Japan Co., Kyoto, Japan). After incubation with a DAB solution (20 mg of 3, 3 0 -diaminobenzidine tetra hydrochloride and 20 ml of 30% hydrogen peroxidase in 100 ml PBS), the sections were dehydrated and examined.
For frozen sections, pancreatic tissue was embedded in OTC compound (Tissue-TEC, Miles, Elkhart, IN, USA) and frozen in liquid nitrogen. 10-mm-thick frozen sections were cut with a cryostat and placed on slides, and fixed in cold acetone for 10 min. The sections were then rinsed in PBS, incubated for 5 min in 1% Triton X-100, and after a second rinse, incubated in blocking serum which derived from the same animal as second antibody. The sections were incubated for 60 min at room temperature with the first antibody, washed with PBS, incubated for 60 min at room temperature with the fluorescein-conjugated second antibody. The first antibodies used were rabbit anti-GFP antibody (MBL Co., Nagoya, Japan), guinea pig anti-porcine insulin antibody (Dako Japan Co., Kyoto, Japan), rabbit anti-rat pdx-1 serum (gifted by Dr Kajimoto, Osaka University), rabbit anti-human glucagon antibody (Dako Japan Co., Kyoto, Japan), mouse anti-human cytokeratin antibody (Nichirei, Tokyo, Japan), mouse anti-human nestin (Chemicon, CA, USA). As the second antibodies, Alexa Fluor 488-conjugated anti-rabbit IgG, Rhodamine Red-conjugated anti-rabbit IgG, and Alexa Fluor 594-conjugated antiguinea pig IgG, Alexa Fluor 568-conjugated anti-mouse IgG (Molecular Probes, OR, USA) were used. The sections were washed, dehydrated and examined by confocal laser scanning microscopy (Leica).
For the determination of BrdU incorporation, mice were administered with BrdU-labeling reagent 2 h before being killed on day 7 after AdV-injection. Immunohistochemical staining for BrdU was performed using a Cell Proliferation Kit (Amersham, UK).
Evaluation of histological changes
To evaluate the histological changes, four to six mice were treated with AdV in each group. Four to six randomly selected sections for each pancreas were stained with hematoxylin/eosin and anti-insulin antibody and were examined by light microscopy. On each section, normal islets adjacent to the exocrine cells were counted (Figure 5a) . Then, the newly induced insulinpositive cells, which were observed near or in the newly proliferated ductal tissues (Figure 4d-f) , were counted and classified into two groups: (1) a cell cluster consisting of four or more newly induced insulinpositive cells; and (2) a single or a cluster of two to three newly induced insulin-positive cells.
Statistical analysis
Statistical analysis was performed by Student 0 s t-test. The P-values for significance were set to 0.05.
